Some applications, particularly in homeland security, require detection of both neutron and gamma radiation. Typically, this is accomplished with a combination of two detectors registering neutrons and gammas separately. We have investigated a new type of neutron/gamma (n/γ) directional detection capability. We explored a new class of scintillator, cerium (Ce)-doped Elpasolites such as Cs 2 LiYCl 6 :Ce (CLYC), Cs 2 LiLaCl 6 (CLLC), Cs 2 LiLaBr 6 :Ce (CLLB), or Cs 2 LiYBr 6 :Ce (CLYB). These materials are capable of providing energy resolution as good as 2.9% at 662 keV (FWHM), which is better than that of NaI:Tl. Because they contain 6 Li, Elpasolites can also detect thermal neutrons. In the energy spectra, the full energy thermal neutron peak appears near or above 3 GEE n MeV. Thus, very effective pulse height discrimination is possible. In addition, the core-to-valence luminescence (CVL) provides Elpasolites with different temporal responses under gamma and neutron excitation, and, therefore, may be exploited for effective pulse shape discrimination. For instance, the CLLC emission consists of two main components: (1) CVL spanning from 220 nm to 320 nm and (2) Ce emission found in the range of 350 to 500 nm. The former emission is of particular interest because it appears only under gamma excitation. It is also very fast, decaying with a 2 ns time constant. The n/γ discrimination capability of Elpasolite detectors may be optimized by tuning the cerium doping content for maximum effect on n/γ pulse shape differences. The resulting Elpasolite detectors have the ability to collect neutron and gamma data simultaneously, with excellent discrimination. Further, an array of four of these Elpasolites detectors will perform directional detection in both the neutron and gamma channels simultaneously.
INTRODUCTION
Elpasolites are a large family of halide scintillators that have recently attracted considerable interest for radiation detection. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Scintillators are an important class of materials that emit light when excited by radiation. This property makes scintillators a good means for detecting X-rays, γ-rays and neutrons. 17 There are many desirable properties for a scintillator material, such as high density (for large radiation stopping power), high light output and energy resolution, fast decay time, and the availability of large single crystals. These properties are related to the fundamental material properties, i.e., band gap (important for the light output), carrier transport efficiency (relevant to scintillation decay), and optical, chemical, and structural properties. 17 Scintillators for dual gamma and neutron detection are also required not only to detect gammas and neutrons and their energy spectra, but also to reliably distinguish between them and their angles of origin. Although there have been materials that can detect both types of radiation and provide some information about the nature of the detected particles, so far none of them have performed well enough that they would be used widely for practical purposes. But now Elpasolites, by using pulse height or pulse shape discrimination (PSD), 1, 2 show promise to perform good neuton/gamma discrimination simultaneously with obtaining gamma spectra that have energy resolution significantly improved over commonly used thallium-doped sodium iodide (NaI:Tl) detectors. While pulse height is a good method of particle detection, PSD is the preferred method, as it allows for energy spectra generated by both types of radiation to overlap each other, which is often the case. The physics problem reduces down to separating light output of photons (γ energy) from that of other charged particles, primarily αs, that are an indirect product of neutron interaction 
BACKGROUND
Some applications, particularly in homeland security, require detection of both neutron and gamma radiation. Typically, this is accomplished with a combination of two detectors, separately registering neutron and gamma particles. For example, an NaI:Tl detector provides a gamma spectrum, while a 3
He tube registers thermal neutrons. Desirable characteristics for future detectors include (1) low cost, high-resolution gamma scintillators sensitive to neutrons with good abilities to discriminate neutrons and gammas; (2) good n/γ discrimination capability; (3) ability to collect neutron and gamma data simultaneously with excellent discrimination; and (4) the ability to accomplish directional detection in both the neutron and gamma channels simultaneously with the same detector (array). The properties evidenced by Elpasolite detectors indicate their potential for use in a detector with these characteristics.
The general formula of Elpasolites is A + B + B' 3+ X -(see Figure 1 ). Here X -is a halogen ion (F, Cl, Br, or I). A + and B + are typically (but not limited to) alkali metal ions. B' 3+ can be a rare-earth, transition metal, or other trivalent ion. It can be quickly seen that there are hundreds of Elpasolites. Elpasolites are attractive as scintillators because:
• A large number of them are cubic (double perovskite structure), ideal for crystal growth from melt.
• The B' site is well suited for the doping of Ce 3+ , whose 5d and 4f states can trap electrons and holes for radiative recombination.
• The large number of elements that can be incorporated into them offers the opportunity of finding desired material properties for scintillation applications.
• Besides γ-ray detection, the neutron detection is also possible when neutron-conversion elements are incorporated (e.g., 6 Li on the B site).
Recently, a new class of materials belonging to the Elpasolites has been introduced that appears to be very promising for dual gamma and neutron detection. The first material from this family that was considered for this purpose is Ce-doped Cs 2 LiYCl 6 :Ce (CLYC). CLYC was originally proposed as a neutron scintillator by Combes et al. in 1999. 3 Its properties were studied later by the Delft University of Technology, Delft, The Netherlands [4] [5] [6] and Radiation Monitoring Devices, Inc. (RMD). 7, 8 It was shown that this material is capable of providing effective pulse shape discrimination. CLYC also exhibits a very good energy resolution, better than that of NaI:Tl, as good as 4.3% at 662 keV. 10 While excellent material, there are other Elpasolite crystals that demonstrate even better energy resolution due to higher light yield. One of these materials is Ce-doped Cs 2 LiLaCl 6 :Ce (CLLC), luminescent properties of which were already studied by Rodnyi et al. 9 They showed that in addition to Ce 3+ emission, the crystal also shows core-to-valence (CVL) luminescence and measured its decay time to be 1.4 ns. The main advantage of CLLC over CLYC is its higher light yield. While CLYC exhibits approximately 20,000 ph/MeV, the light yield of CLLC can be as high as 35,000 ph/MeV. 1, 2 As a result, CLLC shows better energy resolution for gamma ray spectroscopy. At 662 keV, the FWHM was measured to be as good as 3.4%. 2, 15 This is better than energy resolution provided by CLYC and significantly better than that of NaI:Tl.
The presence of 6 Li in the crystal structure of Elpasolites enables detection of thermal neutrons. The gamma equivalent energy (GEE n ) of the neutron full energy peak is approximately 3 MeV. With such a high GEE n value, the n/γ discrimination can be achieved using pulse height discrimination for gamma energies below 3 MeV. Because CLLC, as does CLYC, exhibits the ultrafast CVL emission that is present only under gamma excitation, effective PSD is achievable. Further, the high-resolution gamma channel may be combined with an equally high-resolution thermal neutron channel, using n/γ PSD, to produce a n/γ directional spectrometer, using a 4-detector array and Remote Sensing Laboratory technologies for directional detection.
A review of some of the work and current status when using Elpasolite technologies follows. Table 1 summarizes some of the key parameters obtained from the literature, mostly by principal investigators based at RMD. The Elpasolite Cs 2 LiLaBr 6 :Ce (CLLB) scintillator detector is interesting, particularly for the fact that its resolution appears to exceed the 4.3% reported recently for CLYC.
5,10 Shirwadkar 11 is reporting that a 2.9% value is achievable with CLLB. It appears from this work that 10% cerium is desirable.
11 A reported 2.9% gamma energy resolution 1, 11, 15 for CLLB and up to a 2.6% resolution on the thermal energy neutron peak reported for some Elpasolites 1 brings into focus the tantalizing prospect that a single detector array may be built that has very high resolution in the gamma channel and simultaneously provides excellent gamma and neutron detection sensitivity. A measure of the success for our investigation will be the n/γ discrimination record. Ultimately, in this study, a detector that can distinguish neutrons, as well as gammas, is sought. Techniques have been well established for doing this with Elpasolites. 12, 13 The reported value for neutron false postives per gammas of 1 per 1000 for the CLYC 10 is not astonishing, yet it is an excellent start. The other metrics reported in Table 1 for the n/γ discrimination are not standard, yet they are relevant metrics for providing a sense of the light yield, gain, and relative placement of the thermal neutron peak in the gamma spectrum. Of interest as the technology develops, is that the values in this table for some of the metrics seem to evolve or improve over the course of time. Figure 2 illustrate some of the key parameters and characteristics of the Elpasolites, along with indicators of good PSD. These are taken mostly from Shah.
Tables 2-4 and
2 Critical are the time profile and pulse shape for gammas and for neutrons. Figure 3 reports recent results for the observed gamma equivalent energy for several Elpasolites, along with an illustration of PSD results for the CLLC. 1 The time profile, and hence the PSD, is influenced by the cerium content. This effect has been well illustrated for the CLLC detector. 1 The data from references [1] and [2] for the CLLC detector are shown in Figures 3 and 4 . Figure 4 affirms that the cerium content indeed has an effect on the detector performance.
The investigation of Trefilova et al. 14 appears to indicate that a 0.1% Ce concentration is optimal. Looking at Figure 5 , one sees the dependencies of afterglow I/I 0 , radioluminescence yield Y RL , light yield L, and energy resolution R on Ce content, or cerium mass-percentage (mas%), in the CLYC crystal.
14 Table 5 summarizes the results from RMD on the effects of cerium content on the time profile for the CLLC. The CVL appears critical to good PSD. It has been associated with the 2 ns decay component. (See Table 5 , taken from Glodo et al. Cs (red line) and moderated Am/Be (blue line) energy spectra obtained with a small CLLC crystal. The green/yellow box indicates region from 2.85 to 3.2 MeV that can be used for pulse height discrimination.
1 (c) Time profiles of CLLC crystal measured under gamma (red) and neutron (green) irradiation. Figure 3 (e). W1 and W2 areas indicate integration windows used for PSD. Am/Be source was used to irradiate the crystal. reveal that there is a somewhat narrow band of acceptable cerium percent-mass content that leads to low amounts of energy (signal) diverted to the afterglow, good radioluminescence and light yield, and superior energy resolution. Figure 6 . Radioluminescence spectrum of a CLLC:0.5%Ce sample (blue) and excitation spectrum of Ce 3+ emission in CLLC (red).
(d) Time profiles averaged from the traces corresponding to the events in marked areas on the PSD histogram that follows in
1 Figure 7 . Emission spectra vs. cerium content 1 for the CLLC detector. This depicts wavelength intensity as a function of cerium doping. Notice that as the cerium doping content is increased, a relatively smaller amount of the light occurs in the wavelengths associated with CVL (i.e., the higher energy or lower wavelength realm associated with inner atomic shells).
Elpasolite Detector Array
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The CVL is illustrated in Figure 6 . Figure 7 shows the variation of CVL to the rest of the emission spectrum as a function of cerium content. Using data in the literature, 15 an evaluation plan was made regarding which Elpasolite would perform the neutron discrimination function best. A very recent development in the published literature 16 establishes the basis for the prospect of further optimizing this Elpasolite 4-detector array for fast neutron spectroscopy. A diagram of the prototype detector array is depicted in Figure 8 . With newer depth-of-interaction technologies freshly coming on line, this array of four may be reduced to a single detector. 
EXPERIMENTAL APPROACH
We began by performing modeling and analysis of the potential candidate detector configurations. We leveraged current work and experience to set up predictive models of detector performance using MCNPX. MCNPX studies are being conducted on sensitivities and directional detection capacities for both the gamma and neutron channels. Figure 9 depicts the geometry employed in the MCNPX calculations. RMD has performed detector synthesis and crystal growth and packaging. Properties of the resultant detector materials produced are under evaluation. We continue to quantify the luminescence properties of the ingots and photomultiplier (PMT)-mounted crystals (spectra, luminosity and decay time). We will perform measurements on various Elpasolite samples to determine and to characterize the detector performance properties. We will correlate trends with compositional analyses. We have engineered and designed the directional detector package. Preliminary results projected for our design for determination of the directionality of a gamma radiation source are shown in Figure 10 . With this set of count rate data, it is easy to specify to angle of the incoming radiation with accuracy of the result dependent on source strength and detector count rate. We will next fabricate the final package for n/γ directional detection and will perform static source benchmarking, testing, and evaluation. We will acquire data for a variety of parameter conditions such as source distance, and to the extent possible, using the identical methods and geometries for all crystals, and characterize the directional detector system response. 
RESULTS AND DISCUSSION
CLYC Detector
A high-quality 1″ × 1″ CLYC crystal was doped with a 0.5% Ce 3+ concentration and prepared for evaluation. The crystal was mounted to a 2-inch PMT, and the detector package was hermetically sealed because the crystal is hydroscopic. Improved performance was achieved with the super bialkali PMT. The CLYC scintillator/PMT system achieved at least the 8% energy resolution at 662 keV, the 20,000 ph/MeV for gammas, and the 70,000 photons/n, which all were reported by Bessiere. 5 It achieved better than the 1-to-1000 n/γ energy discrimination reported earlier. 10 
CLLBC Detector
A high-quality 10 × 10 × 10 mm 3 hybrid Elpasolite CLLBC crystal composed of cesium, lithium, lanthanum, bromine, and chlorine was prepared for evaluation. The CLLBC material detects gamma photons and neutrons. Two neutron interactions exist: one with the 6 Li atom (thermal neutrons) and a second with the chlorine atom (fast neutrons). The crystal was mounted to a 2-inch PMT, and the detector package was hermetically sealed. Again, the super bialkali PMT was used. The CLLBC scintillator-PMT system was expected to achieve at least the 3% energy resolution at 662 keV and the 180,000 photons/n, and 50,000 ph/MeV for gammas, which all were reported by Shah, 2 as well as at least a 1-to-10 n/γ energy discrimination.
SUMMARY
Elpasolites can be used in pulse height discrimination mode to do n/γ discrimination (limited by neutron peak). Elpasolites can be also be used in PSD mode to do n/γ discrimination. Elpasolites have good energy resolution for γ rays.
We have determined specifications of first detector for the directional detector array. We have determined to use a CLYC with 0.5% Ce 3+ doping content. We have started MCNPX calculations in order to characterize the directional detector array response. We have also determined the material content to use as a hybrid CLLBC for improved sensitivity to a broader energy range of neutrons.
